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INTRODUCTION
The evolution of Multi-Terminal HVDC (MT-HVDC) grids is mainly because of two main drivers: firstly, their sufficiency to link multiple ac networks that are operating at distinct ac voltage levels even at different frequencies [1] , secondly they are suitable for integrating of large-scale offshore wind energy to main ac grids [2, 3] . In recent years, extensive industrial and academic studies on MT-HVDC grids have been conducted [4, 5] . Since 1951, there has been evidence of up to 180 predominant two-terminal point-to-point HVDC projects which have been implemented worldwide [6] . During the last decade, some HVDC systems have been extended with additional power converter stations to form the first operational MTDC systems. By means of the progress and getting the popularity of high-power Voltage Source Converter (VSC)s, the prospect of the MT-HVDC networks, comprised of several VSC-HVDC stations has converted to a real opportunity.
In the framework of this emerging paradigm, MT-HVDC grid optimal operation is of high importance since it is directly translated to higher delivered power and hence higher revenue. In the context of MT-HVDC grid two-layered control, DC power flow, DC Optimal Power Flow (DC OPF) and energy market-related strategies are usually addressed at the secondary control layer. Whereas, control of power converters, direct voltages, and power sharing are assigned to the primary control layer. Indeed, appropriate reference settings are sent to the VSC-HVDC stations in a prescribed time intervals by the power dispatch control center of the MT-HVDC grid [7, 8] .
Several numbers of research have focused on the designing of the secondary control layer to minimize transmission losses [9] [10] [11] [12] , and total transmission and converters losses [13] considering voltage-droop control [14] . It is done by calculating optimum droop reference voltages. Also, a droop control gain design methodology is proposed in [15] for optimal power sharing among the VSC-HVDC stations in order to maximize the power transmission capacity. Also, [16] considered adaptive droop control gains according to cable resistances to minimize the losses and prevent converter overvoltage. Moreover, [17, 18] proposed generazlized droop control framework and unified reference controller for onshore side converters to control direct voltages and share the burden of dynamic frequency response among HVDC converters respectively.
To the best of the authors knowledge, none of these studies is investigated impacts of the shunt conductances associated with HVDC cables and VSC-HVDC stations on the optimal operation of the MT-HVDC grid. Indeed, they are simply neglected in their modelings. However, these shunt conductances lead to a significant change in DC OPF results that is the focus of this research.
This paper contributes to the state of the art by deriving a static model of MT-HVDC grid taking conductances of HVDC cables and VSC-HVDC stations into account to assess their impacts on DC OPF result pattern. The optimization results which are calculated at the secondary control layer are passed to voltage droop based primary control layer. CIGRE DCS3 MT-HVDC grid is selected as our test platform in order to validate the claims of this study. This paper is organized as follows: Formulation of DC OPF and its solving approach are presented in sections II and III, respectively. Sections IV and V draw the test results and main conclusions respectively.
II.
FORMULATION OF DC OPF PROBLEM The definition of DC OPF problem can be inspired by the well-known OPF problem of AC power system [19] with some modifications. In fact, the DC OPF can be considered as a simplified type of the AC grids OPF, since the reactive power does not longer exist in MT-HVDC grids.
Optimal operation of MT-HVDC grids can be assessed by means of several technical, economical and/or other criterions. However, the present study focuses on minimization of the MT-HVDC grid total losses ( ( ) V f ) by means of solving the DC OPF problem. The DC OPF problem is formulated by (1)- (5) assuming n grid side VSC-HVDC stations, p intermediary buses (without generation and loads), and m wind farms as:
where V=[V1, V2, …, Vm+n+p] T and Y denote the MT-HVDC vector of buses voltage and admittance matrix respectively. Moreover, gii and gij respectively indicate the sum of conductances appeared between bus i and ground and the net conductance seen betwixt buses i and j. HVDC overhead lines and cables are modeled by a lumped model [20] . Y is divided into the elements influenced by the shunt conductances (YP) and the remaining parts (YS). Hereafter, losses defined by (2) and (3) will be called "shunt losses" and "series losses", respectively. They are quadratically dependent on bus voltages and HVDC lines currents respectively. Therefore, they change in opposite directions with respect to MT-HVDC grid bus voltage levels. For instance, as direct voltage levels increase to reduce the currents level (and therefore series losses), the shunt losses increase. Hence, there should be a trade-off determined by the DC OPF routine. Several equality and inequality constraints are applied to the objective function:
in which L denotes the total number of HVDC overhead/cables inside the system. Here, Pi, VDCi, and IDC,k denote the exchanged power by VSC-HVDC station i, bus i voltage and the amount of current flowing in the line k, respectively. Also, P represents the matrix of absorbed bus powers. The DC power flow is represented by the equality constraint ( ( )
, and can be expanded as follows (for the case of power-voltage droop control): (8) In which Vi 0 and kdroop,i denotes droop reference voltage and droop slope of i th grid side VSC-HVDC station.
Constraints (3)- (5) 
In which, is the of Lagrange multipliers vector for the equality constraint presented by (2), I is the DC transmission lines current vector. Also, the penalty function corresponding to the inequality constraints is presented by q :
. . In constrained optimization problems, it is a common procedure to substitute the inequality constraint with the penalty factors, however, these factors will be zero provided that none of the constraints are violated.
DC OPF solution can be calculated in an iterative manner considering that the derivative of the Lagrangian function ( / ∂ ∂V L and / ∂ ∂ L ) should be zero at the optimum point:
The computed optimum droop reference voltages (
and V ) are applied to the primary control layer as it is shown in Fig. 1 .
IV. TEST RESULTS

A) Cigre DCS3 MT-HVDC Test Grid
CIGRE DCS3 MT-HVDC test grid is a bipolar (±400 kV) grid and comprised of two offshore wind power plants (m=2), three grid side VSC-HVDC stations (n=3), two intermediary buses (p=2), eight HVDC cables and overhead lines (L=8). The DCS3 grid is shown in Fig. 2 and further data are reported in [20] . In this study, per unit results are given considering 500 MW and 800 kV as base power and base voltage respectively. Onshore grid side VSC-HVDC stations employ identical 60 MW/kV droop coefficients (kdroop,i) and 800 kV droop as the initial reference voltages (Vi 0 ). However, a set of suitable droop reference voltages will be determined later by execution of the DC OPF problem. For the sake of simplicity, the DC buses of the DCS3 are numbered as it is presented in Table I.   TABLE I. 
DCS3 BUS NUMBERS DC Bus
Bb-A1
Bb-B1
Bb-B2
Bb-B4
Bb-E1
Bb-D1 
Bb
B) Impacts of DC cables and VSC-HVDCs shunt conductances on Y matrix
Parameters of DCS3 MT-HVDC grid disclose that the HVDC cables have shunt conductances of 0.048 S/km and series resistances of 0.0095 /km [20] . Moreover, 400 MVA, 800 MVA, and 1600 MVA VSC-HVDC stations exhibit 2. (13) and (14) correspond to the series and shunt losses that are also defined in (1) respectively.
C) Case study (PBb-D1=1.9 pu, PBb-C2=0.9 pu)
The DC OPF results are summarized in Table II . In order to show the considerable impacts of the shunt conductances, three case studies are investigated: 1) power flow with constant 800 kV droop reference voltages 2) DC OPF problem without considering shunt conductances 3) DC OPF problem with considering shunt conductances.
Regarding the case 2, firstly the DC OPF problem is formulated without taking shunt conductances into account. Once the optimum droop reference voltages are calculated, they are passed to the power flow problem (8) which embeds the impacts of shunt conductances.
Regarding the case first case, the shunt losses (0.04811 pu) are clearly superior to the series losses (0.01992 pu). Persistence of this superiority will be discussed in the next section regarding different wind power generations. Therefore, the DC OPF problem (the Case study 3) assigned minimum permissible droop reference voltages to the grid side VSCs ( Moreover, while the currents flowing inside MT-HVDC grid are increased as a result of voltage level reduction, series losses shows surprisingly a small decrease. This is due to optimal sharing of the power among grid side VSC-HVDC stations. In this regard, the powers absorbed by Bb-A1, Bb-B1, and Bb-B2 buses are varied to 1.38942 pu, 1.33413 pu, and 0.01345 pu from 1.05625 pu, 0.99913 pu, and 0.67658 pu respectively. Finally, total losses are reduced to 0.06298 pu from 0.06803 pu which shows a %7.42 reduction.
On the other hand, the comparison of case studies 1 and 2 exhibits a different tendency in DC OPF results. Since the impacts of shunt conductances are not considered in the DC OPF problem, it assigned droop reference voltages (   0  0  0  1  2  3 1.02691 pu, 1.02988 pu, 1.04289 pu
) in order to maximize the MT-HVDC voltages while preserving operational constraints. In this regard, series losses are reduced to 0.01632 pu from 0.01992 pu that shows a %18.07 loss reduction. However, the voltage increase tends to increase the shunt losses from 0.04811 pu to 0.05123 pu that shows a %6.48 loss increment. Finally, total loss reduction is confined to %0.7 due to inappropriate droop reference voltages.
D) Impacts of shunt conductances in different wind power
generation scenarios The results of three case studies defined in the previous section are depicted in Fig. 3 taking different wind power generations into account. In this figure, the below and upside planes stand for the case studies 3 and 2 respectively. On the other hand, the middle planes represent the case study 1. Clearly, application of the optimum references without the effect of the shunt conductances will rise the whole MT-HVDC voltages and maximizes the offshore wind farm side voltages to reduce the series losses. Having offshore wind farm side voltages fixed at maximum permissible values (i.e., 1.05 pu), grid side voltages reduce as wind power generation increase since the voltage difference between MT-HVDC buses is required for the purpose of power flow.
On the other hand, whole MT-HVDC buses voltages are reduced to around minimum permissible values (i.e., 0.95 pu) taking the effect of shunt conductances into account. This orientation is kept unless in very high wind power generations that the series losses gain superiority in contributing to the transmission losses. Therefore, DC OPF problem tries to increase the MT-HVDC voltage levels in order to optimize transmission losses by making a tradeoff between series and shunt losses. The loss reduction is clear in Fig. 3(f) , however, it is highest in low wind power generation (i.e., up to %10).
V.
CONCLUSION This study analyzed the impacts of the shunt conductances associated with HVDC cables and VSC-HVDC stations on optimal operation of the MT-HVDC grid. These conductances that can be interpreted to the shunt losses of the MT-HVDC grid are quadratically dependent on DC bus voltages. From the test platform results, it was revealed that the shunt losses are dominant in contributing to the total transmission losses except for very high wind power generations. Therefore, the DC OPF routine had a tendency to decrease MT-HVDC grid bus voltages to the proximity of the minimum permissible DC bus voltage. Conversely, this tendency has been changed to voltage increment in very high wind power generations since the MT-HVDC grid series losses become dominant. Investigating the impacts of the shunt conductances on MT-HVDC grid stability is a possible future research.
